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The low-temperature transport properties were systematically studied on the electron-doped

polycrystalline La1�xHfxMnO3 (x¼ 0.2 and 0.3) compounds at the presence of external magnetic

fields. The resistivity of all samples exhibits a generally low-temperature resistance upturn behavior

under zero magnetic field at the temperature of Tmin, which first shifts towards lower temperature at

low magnetic field (H< 0.75 T) and then moves back to higher temperature as magnetic fields

increase, which is greatly different with the previous results on the hole-doped manganites. The best

fitting of low-temperature resistivity could be made by considering both electron-electron (e-e)

interactions in terms of T1/2 dependence and Kondo-like spin dependent scattering in terms of lnT
dependence at all magnetic fields. Our results will be meaningful to understand the underlying

physical mechanism of low-temperature resistivity minimum behavior in the electron-doped

manganites. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4770320]

I. INTRODUCTION

In the doped manganites, the interactions among the

charge, orbital, spin, and lattice will result in a variety of in-

triguing phenomenon, such as the colossal magnetoresistance

(CMR),1,2 charge-orbital-ordering (COO),3,4 multiferroelec-

tric,5 and high-Tc superconductivity.6,7 During the years,

much attention has been focused on the electric and magnetic

transport properties of doped manganites at low tempera-

ture.8–14 With temperature decrease, the contribution from

the electron-phonon interaction will be greatly weakened and

the Coulomb interaction cannot be ignored as usual. Thus,

the low-temperature transport behavior may reflect their

intrinsic mechanism. Several works have provided evidence

for the existence of the resistivity minimum at low tempera-

ture in the doped manganites, no matter the polycrystalline,

single crystals, or the epitaxial thin films. The observed phe-

nomenon is similar to the Kondo effect, which was first found

in the crystalline noble-metal alloys with low magnetic impu-

rity concentration. They attributed it to the exchange interac-

tion between itinerant conduction electrons and localized spin

impurities. However, the difference between Kondo effect

and the effects observed on the manganites is that the temper-

ature for resistivity minima of Kondo effect, Tmin, is inde-

pendent on the applied magnetic fields. Rozenberg et al.8

obtained a shallow minimum on ceramic La0.5Pb0.5MnO3

sample at temperature of 25–30 K under zero magnetic field.

The Tmin shifts towards lower temperatures under external

magnetic fields and disappears at a certain field. Xu et al.9

found the similar variation trend of Tmin on polycrystalline

La2/3Ca1/3MnO3 under various magnetic fields. However,

they declared that such behavior not only disappeared but

also almost independent when the magnetic field is higher

than 1 T. Kumar et al. reported the observation of low-

temperature resistivity minima in La0.7Ca0.3MnO3 thin films

and found that Tmin moves first to the higher temperature at

low magnetic fields and then to lower temperature at high

magnetic field.10 It was obvious that different effects of mag-

netic fields on the low-temperature upturn for polycrystalline

samples and thin films were attributed to different electronic

conduction mechanisms. So far, in order to explain this inter-

esting and abnormal behavior at low temperature, several

models have been proposed, such as spin-polarized tunneling

through the grain boundaries, Kondo-type effect due to the

spin disorder, and quantum corrections to conductivity

(QCC) effect including electron-electron (e-e) interactions,

and weak localization effects due to the finite dimensions of

systems.8–14 It is widely accepted that the model of intergrain

spin-polarized tunneling through grain boundaries (GBs) may

account for resistivity minimum behaviors in the polycrystal-

line.8 However, the QCC effects may be the dominant mech-

anism in manganite single crystals and thin films, which was

proven both experimentally and theoretically.10 Although

much effort had been devoted to explain the resistivity mini-

mum behavior in manganites, but up to date, clear conclu-

sions have not been drawn since too many different

experiment results and different interpretations existed.

For many years, some researchers attempt to substitute

tetravalent ions like Ce4þ, Te4þ, Sn4þ, Sb4þ, and Pb4þ at the

La site in order to gain electron-doped manganites.8,15–21 It is

generally believed that the electron-doped manganites exhibit

CMR effect via the double exchange (DE) between the Mn3þ-

Mn2þ ions, instead of DE between Mn3þ-Mn4þ ions in hole-

doped compounds. This stimulates the hopes of manufactur-

ing all manganites p-n junctions and spintronic devices in the

near future. Unlike the other tetravalent elements, Hf typically

a)Present address: IFW-Dresden, 01069 Dresden, Germany. Email:

ejguophysics@gmail.com.
b)Author to whom correspondence should be addressed. Electronic mail:

jugao@hku.hk.

0021-8979/2012/112(12)/123710/7/$30.00 VC 2012 American Institute of Physics112, 123710-1

JOURNAL OF APPLIED PHYSICS 112, 123710 (2012)

http://dx.doi.org/10.1063/1.4770320
http://dx.doi.org/10.1063/1.4770320
http://dx.doi.org/10.1063/1.4770320
http://dx.doi.org/10.1063/1.4770320
http://dx.doi.org/10.1063/1.4770320
http://dx.doi.org/10.1063/1.4770320
http://dx.doi.org/10.1063/1.4770320
mailto:ejguophysics@gmail.com
mailto:jugao@hku.hk
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4770320&domain=pdf&date_stamp=2012-12-20


shows a single tetravalent or zero valence states. This makes

it relatively simple and reliable to study the electronic struc-

ture of La1�xHfxMnO3 system. Our previous results from the

x-ray photoemission spectroscopy (XPS) and magnetically

Hall measurement prove that the La1�xHfxMnO3 system is a

typical electron-doped manganite.22–24 However, as far as we

know, the low-temperature transport property of electron-

doped manganites is limited, and no attempt was done on

Hf-doped manganites. In this paper, the effects of applied

magnetic field on the low-temperature transport property of

polycrystalline La1�xHfxMnO3 (LHMO) compounds with Hf

doping levels of 0.2 and 0.3 were studied. The results show

that the low-temperature resistivity minimum behavior is

strongly dependent on the applied magnetic field. The

variation trend of Tmin in our case is not consistent with the

previous works like Refs. 8–10, but Tmin shifts to lower

temperature at low field region and then moves to higher

temperature at high field region. We found that two possible

mechanisms of e-e interaction and spin dependent scattering

coexistence under various magnetic fields might be responsi-

ble for such behavior.

II. EXPERIMENT DETAILS

The LHMO bulk polycrystalline samples with different

doping levels x¼ 0.2 and 0.3 were prepared by standard

solid-state reaction method. Stoichiometric amounts of

La2O3, HfO2, and MnO2 high-purity powders were mixed to-

gether sufficiently and preheated to 900 �C for 12 h. Then, it

was pressed into pellet and sintered in air at 1200 �C for 96 h

with intermediate grindings and cooled down to room tem-

perature slowly. A second sintering by repeating the second

step was carried out in order to improve the purity of samples.

The structure of LHMO samples was examined by powder

x-ray diffraction (XRD) measurements using Cu Ka radiation

(the results were shown and discussed in detail in Ref. 24).

The electrical transport properties (q-T) were measured by

standard four-probe method using physical property measure-

ment system (PPMS, Quantum Design) in the temperature

range of 5–300 K and the magnetic field range of 0–5 T.

Before applying the next fields, the samples were warmed up

to the room temperature and kept for 10 min. Then, the resis-

tances of samples were recorded during the cooling down

process. The electric contacts were made using silver paste

with the contacting resistance below 0.05 X at room tempera-

ture. All the q-T curves were measured through field cooling

process.

III. RESULTS AND DISCUSSIONS

As shown in Fig. 1, the temperature dependence of resis-

tivity (q) and magnetoresistance (MR¼ [R(H)-R(0)]� 100%/

R(0)) for LHMO(0.2) and LHMO(0.3) was measured under

various magnetic fields. Both of them present a metal-to-insu-

lator transition (MIT) with decrease in temperature. The resis-

tivity of LHMO(0.3) is smaller than that of LHMO(0.2) due

to the high doping level induced increase of carrier density.

For LHMO(0.2), two independent peaks are found, one is a

sharp peak at �232 K and another is a broad peak at �210 K

(shown in Fig. 1(a)). The results on the temperature dependent

magnetization for LHMO(0.2) show a paramagnetic-to-

ferromagnetic transition at �230 K, confirming that the MIT

happens at the temperature of first sharp peak.24 As shown in

Fig. 1(b), the calculated MR also confirms the real MIT

happened at �230 K because the transition temperature will

gradually increase with increase in the magnetic fields.

Although the sharp peak in the q-T of LHMO(0.3) is not

obvious (Fig. 1(c)), the dq/dT curve presents a significant

FIG. 1. The temperature dependence of resistivity (q) [(a) and (c)] and MR [(b) and (d)] for LHMO(0.2) and LHMO(0.3) under various magnetic fields, respec-

tively. The arrows in the figures point out the positions of the resistivity minimum. The dashed lines in the figures are guidelines for eyes.
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difference at the temperature of sharp peak (�220 K) and

broad peak (�190 K). Many previous works gave evidences

that the presence of grains and GB modifies the transport

property in ceramic manganites as compared to single crystal

and thin film samples. Unlike the sharp drop observed near

the MIT temperature in the epitaxial thin films, the resistivity

of a polycrystalline samples exhibits a wide maximum resis-

tivity at a temperature below Tc. Such a shoulder-like feature

had also been observed for oxygenated La2/3Ba1/3MnO3 and

La0.7Ce0.3MnO3 samples.15,16 The MR in the polycrystalline

and single crystal samples also show a great difference. In the

single crystal thin films, there is a colossal MR in the vicinity

of Tc and a very small MR apart from it. On the other hand,

the polycrystalline samples have an appreciable MR at all

temperature regions, which usually manifests a large MR

even at the low temperature region. As shown in Figs. 1(b)

and 1(d), the MRs of LHMO(0.2) and LHMO(0.3) are 40%

and 45.3% measured at 5 K under magnetic field of 5 T,

respectively. These values are much larger than the MR

observed in the other single crystal films under the same con-

ditions. It is noteworthy that there is a resistivity upturn which

appears at low temperature. The resistivity minimum Tmin is

41.6 and 92.9 K for LHMO(0.2) and LHMO(0.3), respec-

tively. The result is similar to that obtained on the other hole-

doped ceramic manganites.25 They also point out that it can-

not be attributed to the charge-orbital ordering effects due to

the weak upturn of resistivity.

We further investigate the resistivity minimum behavior

under different applied magnetic fields from 0 to 5 T at low

temperature. As shown in Fig. 2(a), the scatters represent the

experimental results measured in the temperature range of

5–100 K. The resistivity minimum behavior of LHMO(0.2)

is strongly dependent on the magnetic fields, which makes it

quite different from the Kondo effect. The significant change

is that Tmin shifts first to the lower temperature as the mag-

netic fields increasing to 0.5 T, and then moves back to the

higher temperature when the magnetic fields further increase

to 5 T. The same variation trend of Tmin is found on the

LHMO(0.3) sample, as shown in the scatters of Fig. 2(b).

The difference between the LHMO(0.3) and LHMO(0.2) is

that the turning point of Tmin for LHMO(0.3) is at magnetic

field of 0.75 T. The field dependence of Tmin for LHMO(0.2)

and LHMO(0.3) is shown in Fig. 3. Our results are quite dif-

ferent from previous works, no matter the Tmin moves

monotonously toward lower (or higher) temperature with the

increase of applied fields and upturn disappears at a certain

field as in Refs. 8 and 13, or the Tmin moves first to the higher

temperature at low fields and then to lower temperature as

magnetic fields further increase (as in Ref. 9). In order to

give a clear view of the effects of applied magnetic fields to

the resistivity upturn, we normalized the resistivity to that of

100 and 150 K for LHMO(0.2) and LHMO(0.3), as shown in

Figs. 4(a) and 4(b), respectively. It is obvious to find that the

resistivity upturn below Tmin is rapidly suppressed at low

magnetic fields (present as black hollow symbols). However,

this resistivity upturn behavior becomes intense as magnetic

fields increasing over 0.75 T (present as red solid symbols),

neither saturated nor disappeared as described by previous

works. We introduced the expression of depth of resistivity

minimum Dq in order to represent the degree of upturn

behavior at low temperatures, which can be written as

Dq ¼
q5K � qTmin

qTmin

; (1)

FIG. 2. The expanded view of resistivity

as a function of temperature under mag-

netic fields from 0 to 5 T for (a)

LHMO(0.2) and (b) LHMO(0.3). The

scatters in the figures represent the

experiment results. The solid lines are

the fitted curves using Eq. (8). The

arrowed lines point out the variation

trends of the temperatures at resistivity

minimum Tmin.
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where, q5K and qTmin
represent the resistivity measured at 5 K

and Tmin, respectively. Figure 5 shows the Dq as a function

of applied magnetic fields. The Dq of LHMO(0.2) and

LHMO(0.3) samples present a rapid decrease in the range of

low applied field, H< 0.75 T, and an increase almost linearly

when magnetic fields above 0.75 T. The slopes of Dq-H

curves in two different regions indicate that the low-

temperature resistivity is more sensitive to the magnetic field

at low field region.

In order to understand the origin of the observed resis-

tivity minimum, several different models are taken into

account, including spin dependent scattering, QCC effects,

and so on. Based on the results of low-temperature resistiv-

ity is sensitive to the magnetic fields, we first consider that

the resistivity minimum partly originate from spin depend-

ent scattering which is proven to be suppressed by external

magnetic fields and is also the general characteristic of pol-

ycrystalline samples. The resistivity of system under the

model of spin dependent scattering can be described as

follows:

qðT;HÞ ¼ q0 þ qsðT;HÞlnT; (2)

where q0 is the residual resistivity and qsðT;HÞ is the spin

dependent scattering resistivity. However, when we tried to

fit the results obtained from experiments simply by Eq. (2), it

has distinct departure for all the scatters measured at low

temperature. It may not be suitable to consider the single fac-

tor of spin dependent scattering affecting our observed

behavior. It is well known that the low-temperature resistiv-

ity will be significantly affected by the QCC effects for an

intrinsically disordered system. The QCC effect originated

from the weak localization and e-e interaction.27 The total

resistivity of the system in the first-order correction can be

given by the following expression:

qðT;HÞ ¼ q0 þ qmðT;HÞ � q0
2½reeðT;HÞ þ rwlðT;HÞ�;

(3)

where the qmðT;HÞ is the magnetic resistivity contributed

from the anisotropic MR and magnon scattering, reeðT;HÞ
and rwlðT;HÞ are the conductivities due to the e-e interaction

and the weak localization, respectively. In our case, the mag-

netic fields are applied perpendicular to the samples. Thus,

qmðT;HÞ can be seen as a constant changing with

FIG. 4. The normalized resistivity as a function of temperature under mag-

netic fields from 0 to 5 T for (a) LHMO(0.2) and (b) LHMO(0.3). The hol-

low symbols and solid symbols present the normalized resistivity at low

magnetic fields region and high magnetic fields region, respectively.

FIG. 3. (The magnetic field dependence of the temperatures at resistivity

minimum Tmin for LHMO(0.2) (below) and LHMO(0.3) (upper).

FIG. 5. The depth of minimums, which calculated from Eq. (1), as a func-

tion of applied magnetic fields for LHMO(0.2) and LHMO(0.3). The dashed

line shows the possible boundary of low and high magnetic field regions.
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temperature but provides no contribution as magnetic field

changing. Generally, the rwlðT;HÞ can be also neglected for

two reasons. On the one hand, the weak localization results

from the interference of complementary electron waves,

which are already destroyed by the strong spontaneous ferro-

magnetic fields far below Tc. On the other hand, the weak

localization effect only plays a key role in affecting the phys-

ical properties of manganites when the film thickness is very

thin. As reported by Maritato et al., the weak localization

effect becomes effective when film thickness below 20 nm.12

For our LHMO polycrystalline bulk samples, the effect of

weak localization is inconsiderable under the applied mag-

netic fields. Therefore, the e-e interaction will dominate in

the QCC effect.

At low temperatures, the resistivity can be described by

considering the elastic scattering part qelðT;HÞ (including

Coulomb interaction and electron-impurities) and inelastic

scattering part (including electron-phonon interaction,

electron-magnon interaction, etc.) qinðT;HÞ,

qðT;HÞ ¼ qelðT;HÞ þ qinðT;HÞ: (4)

According to the previous works,8–10,12–14,28 the elastic

resistivity due to the quantum correction, combining with the

effects of e-e interaction and disorder, can be written as Eq.

(5). At the same time, the resistivity due to the inelastic scat-

tering can be written as Eq. (6),

qelðT;HÞ ¼ �qeT1=2; (5)

qinðT;HÞ ¼ qpTp; (6)

where the qe and qp are the e-e interaction coefficient and

the e-p interaction coefficient, respectively. We substitute

Eqs. (5) and (6) into Eq. (4). Meanwhile, we ignore the

qmðT;HÞ and rwlðT;HÞ sections when considering Eq. (3).

Therefore, the total resistivity originated from QCC effect

can be obtained as

qðT;HÞ ¼ q0 � qeT1=2 þ qpTp: (7)

Usually, p is equal to 2 as reported in the previous

works.8 We try to fit the experiment resistivity under differ-

ent magnetic fields with Eq. (7). Again, we could not get

well-fitted curves no matter in the lower magnetic fields or

higher magnetic fields. Therefore, we have to consider com-

bining two possible mechanisms together. Thus, the total re-

sistivity of system can be obtained as

qðT;HÞ ¼ q0 � qeT1=2 þ qslnT þ qpT2: (8)

We fit the experiment resistivity under all the magnetic

fields to Eq. (8). The fitted results are present with the color

solid lines in Fig. 2. It can be found that all the data can be

well fitted considering both terms of lnT and T1/2. The good

agreement between experiment data and fitted curves also

confirm our assumption of the resistivity upturn behavior,

which may come from both spin dependent scattering

model and QCC effect model (e-e interaction and disorder).

Xu et al. also declared that both e-e interaction and

spin dependent scattering should be taken into account in

the low-temperature upturn behavior of the polycrystalline

La2/3Ca1/3MnO3 samples at the low magnetic fields

(H< 1 T). However, they found that the experiment results

obtained in the higher fields could be fitted well without

accounting the spin dependent scattering in terms of lnT,

which is the little difference between their work and ours.

The corresponding coefficients (q0, qs, qe, and qp) are

shown in Table I. Although the fittings are only the results of

the phenomenological analysis, all the values of correspond-

ing coefficients cannot reflect the real nature of underlying

physics. As shown in Table I, we can find that all the coeffi-

cients decrease as magnetic fields increasing. For the residual

resistivity, q0, a slightly decrease is found with an increase

of magnetic field. It exhibits a usual behavior compared with

a good conductor, which should not depend on the magnetic

fields. Nevertheless, this variation trend of q0 is coincidence

TABLE I. The fitting results of the coefficients in Eq. (8) for all the magnetic fields changing from 0 to 5 T. The separated row in the middle of the table shows

the different results for LHMO(0.2) and LHMO(0.3), respectively.

qðH;TÞ ¼ q0 � qeT1=2 þ qslnT þ qpT2

LHMO (0.2) LHMO (0.3)

H(T)

q0

(X cm)

qe

(10�2 X cm K�1/2)

qs

(10�2 X cm (lnK)�1)

qp

(10�5 X cm K�2)

q0

(X cm)

qe

(10�1 X cm K�1/2)

qs

(10�1 X cm (lnK)�1)

qp

(10�5 X cm K�2)

0 1.06 8.29 10.12 4.12 0.626 1.54 2.57 3.06

0.02 1.01 7.94 9.85 4.04 0.595 1.50 2.52 2.98

0.05 0.95 7.05 8.81 3.87 0.558 1.40 2.38 2.80

0.1 0.90 6.48 8.21 3.82 0.507 1.32 2.30 2.74

0.25 0.85 5.33 6.57 3.62 0.458 1.23 2.16 2.62

0.5 0.79 3.86 4.65 3.25 0.417 1.17 2.12 2.49

0.75 0.78 3.82 4.57 3.14 0.413 1.09 1.97 2.25

1 0.78 3.61 4.25 3.11 0.411 1.06 1.89 2.21

2 0.75 3.09 3.07 2.64 0.402 0.92 1.61 1.78

3 0.71 2.44 1.81 2.14 N/A N/A N/A N/A

5 0.66 2.08 1.04 1.66 0.357 0.74 1.19 1.34

123710-5 Guo et al. J. Appl. Phys. 112, 123710 (2012)



with the results found in Refs. 9, 10, and 12. The electron-

phonon resistivity qp is found much smaller than the other

coefficients by over three orders, indicating the weak influ-

ence to the total resistivity. Thus, the main factors affect the

total resistivity under various magnetic fields are qs and qe,

Fig. 6 shows the qs and qe change as a function of magnetic

fields. The qs and qe show the same variation trend as Tmin

and were found decreasing with the increase of magnetic

fields. There is an obvious boundary between the low mag-

netic field region (H< 0.75 T) and high magnetic field region

(H> 0.75 T). In the lower field region, both qs and qe show a

rapid drop as increasing the magnetic fields until H¼ 0.75 T,

while these variations become moderate when magnetic field

larger than 0.75 T. We think that the resistivity minimum

behavior at low-temperature comes from the competition of

two main contributions: one increase, another decrease as

magnetic fields increasing. An applied magnetic field can

align the spins of the magnetic domains to the direction of

fields and induce the deconfinement of the motion of the

spin-polarized carriers. Then, the tunneling of conduction

electrons between the antiferromagnetically coupled grains

will happen due to the reduced GB’s barrier. However, this

tunneling through GB is strongly decreased as magnetic field

increasing. Therefore, we believe that strong resistivity de-

pendence of fields on low magnetic fields may be attributed

to the domination of spin dependent scattering (GB tunnel-

ing). As the magnetic fields increasing above 0.75 T, the

effect of spin dependent scattering decrease and e-e interac-

tion will play a key role in dominating the low-temperature

resistivity minimum behavior due to its weak dependence on

the magnetic fields.

Furthermore, we also confirm the effect of disorder

to the resistivity upturn behavior in this system. As we know

that, the e-e interaction will be enhanced by the magnetic

disorder degree in the system. Jia et al.13 studied the

effects of the local lattice distortion induced disorders to the

resistivity upturn behavior. They introduced the in situ
tunable ferroelectric-poling-induced in-plane strain to the

manganite thin films in order to investigate the influence to

the QCC effect. It was found that the resistivity upturn and

Tmin are significantly suppressed after ferroelectric poling due

to the reductions of lattice distortion of MnO6 octahedral and

orbital disorders. However, another kind of disorder could be

the random potential fluctuations due to the different doping

size of ions and doping levels. In our case, two different dop-

ing levels (x¼ 0.2 and 0.3) of LHMO compounds were stud-

ied. From Figs. 2 and 3, we can find that, comparing with the

results on the LHMO(0.2), the resistivity upturn behavior of

LHMO(0.3) grows much more tempestuous and Tmin is

nearly twice larger than that of LHMO(0.2). As shown in

Fig. 6, the q0 of LHMO(0.3) is smaller than that of

LHMO(0.2) the reason of that probably is the higher doping

level induced more carriers in the compounds. However, qs

and qe of LHMO(0.3) are larger than those of LHMO(0.2).

The higher doping level will induce higher disorder degree

in the system, including the doped carriers’ density and the

impurity secondary phase reported in our previous work.24

Thus, it is understandable that the observed resistivity upturn

becomes aggravated and the Tmin moves to the higher temper-

ature. These results indicate that the e-e interaction enhanced

by disorder may play an important role in determining the

low-temperature resistivity minimum behavior of LHMO

compounds. The effect of different doping levels on the resis-

tivity upturn gives a direct evidence of the presence of QCC

effect in LHMO at low-temperature. At the same time,

another impact factor, which is the magnetic disorder and

frustration in the FM ground state, should also be taken into

account in our case. As reported by Muthuselvam et al.,25

this low-temperature minima appears due to the competition

between the weak FM grain boundaries and strong FM

grains. The higher Hf doping level will introduce more sec-

ondary phases, which is magnetically, and meanwhile the

magnetic disorder and grain boundaries will increase corre-

spondingly. That maybe one of the reasons that the Tmin of

LHMO(0.3) is higher than that of LHMO(0.2). The same

result was also found in other magnetic oxides by increasing

the doping level of nonmagnetic elements.26 Our results may

be different from the explanation on the polycrystalline

La0.5Pb0.5MnO3 compounds in Ref. 8. They attributed the

single factor model of spin-polarized intergrain tunneling to

understand low-temperature resistivity minimum behavior. In

our case, we think both models of spin dependent scattering

and e-e interaction should take into consideration in order to

fully understand the low-temperature resistivity minimum in

these electron-doped LHMO manganites.

IV. CONCLUSIONS

In summary, the low-temperature resistivity minimum

behavior and its dependence on the magnetic fields are sys-

tematically studied on the polycrystalline LHMO compounds

with two different doping levels x¼ 0.2 and 0.3. The results

show that the temperature at resistivity minima Tmin shifts

first to the lower temperature at low magnetic fields

H< 0.75 T, then moves back to the higher temperature as

magnetic fields increasing above 0.75 T. The experiment

results were fitted by considering both terms of lnT and T1/2,

indicating the observed phenomenon in LHMO can be

understood taking into account both spin dependent scatter-

ing and e-e interaction. The effect of different doping levels

to the resistivity upturn also gives a direct evidence of the

FIG. 6. The best fitted coefficients of qe and qs, which obtained are from Eq.

(8), as a function of applied magnetic fields for LHMO(0.2) and LHMO(0.3).
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presence of e-e interaction in LHMO at low-temperature. At

low magnetic field region, spin dependent scattering model

dominates the low-temperature resistivity minimum behav-

ior, while the e-e interaction plays a key role at the high

magnetic field region. Our results verify that e-e interaction

is a general characteristic in the strong correlated mangan-

ites. Furthermore, we also want to note that it is the first time

to observe such low-temperature resistivity behavior in the

tetravalent Hf-doped manganites. To fully understand this

behavior in LHMO, many more experiments on the single

crystal thin films and theoretical calculations are needed.
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